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Abstract 

It has been argued in the hterature that the search for the slepton oscillation 
phenomenon can be a powerful probe of intergenerational mixing between 
sleptons, once sleptons are found at future colliders. In this article we estimate 
possible reach of future lepton colliders in probing left-handed slepton flavor 
mixing, especially mixing between the first and third generations, on which 
constraints imposed by other processes like r — > 67 are very weak. e'^e~ 
collider is suitable for this purpose, since it can produce, if kinematically 
allowed, sleptons of the first generation via t-channel, in addition to s-channel. 
Utilizing e~^e~ re + 4jeis+ ^ signal at e~^e~ linear collider with integrated 
luminosity C = 50fb-^(500fb-i) it may be possible to reach mixing angle 
sin2^£; > 0.06(0.04) and mass difference Amc> ^ 0.07(0.04) GeV for sneutrinos 
in the first and third generations at the statistical significance of 5a. 
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I. INTRODUCTION 



Introduction of the weak scale supersymmetry (SUSY) into the Standard Model (SM) 
provides an elegant solution to the naturalness problem. In this scenario SUSY dictates 
cancellation of quadratic divergences between the fermionic and bosonic loop contributions 
to the radiative corrections to the Higgs boson mass-squared, which naturally keeps the Higgs 
boson as light as the weak scale against the radiative corrections. However, it simultaneously 
causes other problems, including the flavor problem as one of the most serious ones. That is, 
while intergenerational mixing among sfermions is not determined unless one puts additional 
assumptions about their origin, it is often the case that arbitrary flavor-violating soft SUSY 
breaking parameters result in unacceptably large rates in the Flavor Changing Neutral 
Current (FCNC) processes. In other words, the mechanism with which the Nature avoids 
such a disaster may be directly linked to the origin of SUSY breaking, and it is certain that 
experimentally sensitive probes will provide indispensable clues for it. 

Another motivation for probing flavor mixing of sfermions, especially left-handed slep- 
tons, comes from recent results of neutrino oscillation experiments They suggest 

that the neutrinos have not only tiny masses but also large angle mixing(s) among them. 
This means that the flavor structure of the lepton sector may be totally different from 
that of the quark sector whose intergenerational mixings are relatively small. In some of 
supergravity(SUGRA)-motivated SUSY models with the seesaw mechanism 0, large neu- 
trino mixing suggested by the neutrino oscillation experiments may be due to large flavor 
mixings in neutrino Yukawa coupling constant matrix which is responsible for the Dirac 
masses of neutrinos. In that case, via radiative corrections they cause sizable lepton-flavor 
violating (LEV) elements in the mass-squared matrix of the left-handed slepton, which in- 
cludes the superpartner of neutrino, sneutrino |Q. Hence probing the intergenerational 
mixing among sneutrinos may provide some hints for the origin of the flavor structure of 
the lepton sector or that of the SUSY breaking. In this article we investigate the slepton 
oscillation phenomenon between left-handed sleptons as one of such possible probes 
with e~^e~ linear colliders (LC's). 

The slepton oscillation is a quantum-mechanical phenomenon, analogous to the neutrino 
oscillation, induced by discrepancy between gauge eigenstates and mass eigenstates. If there 
are LFV elements in the slepton mass-squared matrix, gauge eigenstates do not coincide 
with mass eigenstates. Then a selectron produced at a collider, for example, will change its 
flavor ("oscillate") into a stau with some probability and decay into a tau lepton possibly 
with other superparticle(s). Since the probability with which the slepton changes its flavor 
into other is determined by the flavor mixing of sleptons, from the relevant cross section of 
the LFV signal we can obtain information to what extent sleptons of different flavors mix 
each other. 

The slepton oscillation as a means of detecting slepton flavor mixing [| has a unique 
advantage over other loop-induced (charged-)lepton-flavor violating processes such as 



Another interesting application of the slepton oscillation is as a probe of a possible CP violating 
phase in the slepton sector ||^. In this article we restrict ourselves in the case where the slepton 
mass matrix is real, for simplicity. 
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/i 67, /i 3e, yU-e conversion in nucleus, r — > yU7, r — > 67, and so on. That is, since 
real sleptons are produced in the former processes, GIM-like suppression is weaker than the 
latter ones. For instance, in the case where there is a mixing only between the first and 
second generations, the cross section a of the typical signal of the slepton oscillation that 
contains e and /i in the final state depends on the masses mi and m2 of the selectron e and 
the smuon fi, the mixing angle 6 between them, and the decay width F of them as 

where Am^ = ml — m^, and m = (mi + 7722) /2, (Here we have taken the decay width F as 
common between e and jl, for simplicity.), while a typical suppression factor in loop- induced 
processes, such as /i — 67, is sin2^Am^/m^ for their amplitudes. In the minimal SUGRA 
scenario |^ with reasonable parameters typical decay width of slepton is C(l) GeV, it follows 
that the GIM suppression in the slepton oscillation is weaker for small Am^. Whether this 
directly means that the slepton oscillation is really a sensitive probe or not is of course non- 
trivial and needs further investigation. We need to take into account competition against the 
back ground (BG) processes, effects of cuts to distinguish the signal out of the BG's, and so 
on. Nevertheless, it has been reported in the literature [p|,|6|,p!0|-[T3[1 that the slepton oscillation 



is indeed a powerful tool once the sleptons are found at future collider experiments. 

The sensitivity of the slepton oscillation as a probe of slepton flavor mixing depends on 
the generations whose mixing is to be probed. Comparing the sensitivity of the slepton 
oscillation studied in the literature [p|,|6tp!0Hl3[| with the current experimental bounds for 
charged-lepton flavor violating processes, 

Br(/i ^ 67) < 1.2 X 10"" [14], (2) 
Br(r ^ /i7) < 1.1 x 10"^ [H, (3) 
Br(r 67) < 2.7 X 10"^ [0, (4) 



at least for their sample parameters the slepton oscillation is indeed a powerful tool that may 
go beyond these bounds. However, comparing them with the reach of future experiments, 
it is not necessarily so. For the mixing between the first and second generations a proposed 
experiment at PSl [|l^] is so sensitive that it will probe — > 67 decay to 10"^^ branching 
ratio. If it is carried out, the sensitivity of it will reach far beyond that of the slepton 
oscillation of the left-handed sleptons between the first and second generations, as discussed 
later in this article. (It can probe at most the parameter region that corresponds to /i — >■ 67 
branching ratio of order of 10~^^ for our sample parameters.) On the other hand, in the case 
of 13- mixing and 23-mixing not only the current bounds (^ and (^) but also near future 
searches of these rare decay processes are not so powerful as in the 12-mixing case. While 
T ^ fi'j searches at the B factories in KEK or SLAG may improve the bound to the level of 
]^Q-(7-8)^ according to the result of Ref. |Tl[ the 3a reach of LG in probing the left-handed 



slepton mixing between the second and third generations will go far beyond the reach of 



^ From now on we refer to lepton flavor mixing between i-th and j-th generations as ij'-mixing, 
for brevity. 
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these near future t ^ n'j searches for their sample parameters. Also, in the study of the 
slepton oscillation between the right-handed sleptons in Ref. |10] it is reported that some of 
the LFV processes with tau lepton(s) in the final state could have sizable cross sections at 
future linear collider experiments. Hence the situation that the slepton oscillation can be 
the most valuable is in the case where we probe slepton flavor mixing involving the third 
generation. 

In this article we discuss possible reach of future lepton colliders in probing flavor mixings 
of left-handed sleptons. We probe them since they contain sneutrinos, the mixings of whose 
superpartners had not been revealed until recently. We mainly focus on probing the 13- 
mixing of left-handed sleptons, which seems to be most unknown in neutrino mixing. In 
probing it we also have an advantage that it may be more economically probed in an electron 
collider rather than in a muon collider with the same energy and the same luminosity, since 
in the former the t-channel pair production of the sleptons in the first generation, which 
are relevant to the 13-mixing, is possible in addition to that via s-channel, if kinematically 
allowed. Utilizing e+e^ — re + 4jets+ ^ signal at e^e~ linear collider with integrated 
luminosity £ = 50fb^ (500fb^ ) we find it possible to reach mixing angle sin 2Qy ^ 0.06(0.04) 
and mass difference Am^; ^ 0.07(0.04) GeV for sneutrinos in the first and third generations 
at the statistical significance of Sex for our sample parameter. 

Contents of this article are as following. In the next section we describe our framework 
within which we discuss LFV at future colliders. In section |TT| we discuss possible signals of 
LFV and back ground processes for them, and estimate reach of future colliders in probing 
the left-handed slepton flavor mixing between the first and third generations. In section |^ 
we discuss an application to the left-handed slepton flavor mixing between the first and 
second generations, which is experimentally severely constrained by — >■ 67. In section 
we further apply our results in section |ITT| to the case in which the left-handed slepton flavor 
mixings are radiatively induced by right-handed neutrino Yukawa couplings. Section is 
devoted to our conclusions. 



II. FRAMEWORK 

In this section we explicitly describe our framework within which we analyze reach of 
the future lepton colliders in probing the left-handed slepton flavor mixing. The slepton 



oscillation between the left-handed sleptons is formerly considered in Ref. |]Tl| in the case 
of 23-mixing. Here we extend their result to other generations. First, to make our point 
clearer and simpler, we confine ourselves in the case where there is left-handed slepton flavor 
mixing only between the first and third generations. Cases with other generation mixing 
will be briefly discussed later. We define a mixing angle Qy and a mass difference Am^; at 
the weak scale that parameterize the left-handed slepton flavor mixing between the first and 
third generations in the sneutrino mass-squared matrix (m?), as 

( 2n _ ( co^Qij — sin^^,> \ / m?^ '-'11 cos6'£; sin6'£;\ , ^ 

~ \ sin^i> cos^^ / V 0' / V ^os^'^ / 

with Am;> = vny^ —rrij^^, where the second generation is omitted and we are in the basis where 
the charged lepton mass matrix is diagonal and no LFV in fermion-sfermion-chargino vertex 
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or in fermion-sfermion-neutralino vertex. (Although if 9^ is non-zero the mass eigenstates 
are of course not equal to the weak eigenstates, we refer to sneutrino masses as electron 
sneutrino mass iJiy^ and tau sneutrino mass niy^ even for non-zero 9y case, analogously to 
the — >■ limit.) While there are many theoretical models that predict various values for 
and Oy at the weak scale, in this article, although we will choose sample parameters, 
we do not specify any origin for the flavor structure. We do our analysis to some extent 
model-independently, that is, we simply assume that there is an intergenerational mixing 
between the first and third generations, and treat Amj> and Oy as free and independent 
parameters. 

Next we choose our sample SUSY parameters. To study all the potential of the colliders 
actually requires full parameter search for all the unknown parameters, which is beyond our 
scope in this article. Instead we choose representative parameter sets. We choose almost 



the same parameters as those used in Ref. |TT[. These mass spectra are typical ones in the 



minimal SUGRA scenario, and in Ref. [rT| they actually assume the minimal SUGRA in 

order to determine masses of sfermions at the weak scale. In this article, however, we do 

not necessarily assume the minimal SUGRA and simply regard these parameters as given. 

The numbers we used in our numerical calculation are listed in Table |. We fix the 

electron sneutrino mass rrty^ at the weak scale as 180 GeV. Masses of other sfermions at 

the weak scale are determined by assuming the universal scalar mass at the gravitational 

scale (~ lO^'^GeV) and solving renormalization group equations (RGB's) of the minimal 

SUSY standard model (MSSM), although once we obtain the sfermion mass spectra we no 

longer persist on the minimal SUGRA, as stated above. The Higgsino mass parameter is 

determined from the radiative breaking conditions of the electroweak symmetry. We fix the 

lighter chargino mass m-- as lOOGeV, and assume the GUT relation on gaugino masses, 

Xi 

3Mi M2 M3' ^ ' 

to fix other gaugino masses, although we do not necessarily assume the GUT. (Here qy, 
g2, and are the gauge coupling constants of the SM gauge group U{1)y, SU{2)l, and 
SU{3)c, respectively. Mi,M2, and M3 are B-ino, W-ino, and gluino masses, respectively.) 
With these parameters we are in the region where the lightest SUSY particle (LSP) is the 
lightest neutralino Xi^ which is B-ino like, and the second-lightest neutralino X2 ^^e 
lighter chargino xf both W-ino like. In Ref. |Tl|, decay branching ratios of X25 xf ^^(^ the 



left-handed sleptons are calculated, and we will later use these values also in this article. 
(These values are listed in Table II and III.) 



As for the colliders, we implicitly assume the use of the proposed LC, like the JLC ||T8 
or the NLC |TP[, operated with the center-of-mass energy ^/s = SOOGeV. 



For the statistical significance we require that the significance S of the signal, defined as 

S = (7) 



to be larger than 5 in order for the relevant LFV process to be discovered at 5cr significance, 
where agig and atg are the signal and background cross sections after cuts (in fb) , and C the 
integrated luminosity (in fb~^). 
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III. SIGNALS AND BACKGROUNDS FOR PROBING D^-Dr MIXING 



In this section we discuss possible collider signals and BG's in probing the left-handed 
slepton flavor mixing between the first and third generations. Since decay channels of SUSY 
particles depend on SUSY mass spectrum, to discuss all the possibility is too complex to 
be discussed in this article. We discuss them only within the framework described in the 
previous section. 



A. Signals 

First we have to decide what final state we should choose as signal. The simplest choice 
would be e^e~ — >• /^/^ e^r^'^x^'Xi) where /J is the charged left-handed slepton with 
/ = e, /i or r. However since for our sample parameter set the left-handed sleptons are heavy 
enough to decay into Xi or X21 addition to x?) and is B-ino like while X2 ^"^^ Xi 
W-ino like, the cross section of this mode is suppressed by the small decay branching ratio 
of the left-handed sleptons into Xi? as can be read off from Table |l|3. Assuming t-channel 
dominance, the cross section o" is Q 

a(e+e- ^ e+r-^^X?) ^ ^Xv sin^ 2ei>(l - Xv sin^ 2^^) x 0.09 fb, (8) 

where Xs is given as 



2(1 + {x\. 



X. - (9) 



,2^ 



with 



and 



|mr]i3 = (m^.r^. + m,J,^)/2. (11) 



^If the decay if^ X2^^ is not kinematically allowed, left-handed sleptons can decay only as — s- 
Xil^. In that case the signal cross section a{e^e — > l^l^ — > e^r^XiXi) is sizable. However since 
this final state also results from pair production of right-handed sleptons if there are lepton-flavor 
mixings among right-handed sleptons, and telling the signal of left-handed slepton mixing from 
that of right-handed one is nontrivial and needs further investigation. Here we confine ourselves 
in the case where the decay X2^^ is allowed and hence we can use the signal e^e~ 

e^T^ -|- Ajets+ /B, which we use as signal as described later, that can result from left-handed 
slepton pair production and cannot from right-handed one. 

^Detailed formulas for evaluating amplitude and cross section on the slepton oscillation are found 
in Ref. §. 
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Here T;^^ and r,>^ are the decay widths of electron sneutrino and tau sneutrino, respectively. 
The SM BG of e^/i^ + missing energy is estimated as 5.2 fb in the work of Arkani-Hamed 
et al. for unpolarized beam, assuming the formerly studied efficient cuts originally 
devised for flavor- conserving signal can be also effective to their case. (Applying cuts of 
Ref. W pair production, eWu, and {ee)WW contribute to the BG's 1 or 2 fb each.) If 
we also assume that in our e'^r^ case we have the same order of BG as their e^/i''' case, the 
value of signal cross section of eq. is too small to be observable. (In order for the signal of 
O.lfb to be discovered at 5cr(3o") signiflcance in 1 year operation of LC, the BG cross section 
must be smaller than 0.02(0.06)fb after applying cuts, even if we assume 100% acceptance 
rate for signal.) What makes matter worse, there is SUSY BG from W-ino like chargino 
pair production in our case, in addition to SM BG's. If we are to flnd out the right-handed 
slepton mixing right-hand polarized beam can both reduce W-ino pair production rate and 
enhance the signal rate at the same time, as previously considered 0, but now since we 
would like to probe the left-handed mixing, polarizing beam to right-handed will reduce 
both the signal and the BG simultaneously. Therefore without any drastically better cuts 
this mode is not usable. To flnd out such cut is beyond our aim, and we simply discard this 
mode. 

Fortunately we can extract the information of LFV from the decay of sleptons into X2 
or xt- That is, 

e~^e~ — >■ I'll]^ or ui)'^ 

e^T^ + Ajets+ p (12) 

has sizable cross section. The 23-mixing version of this signal, 

e^e^ l^lj^ or z>z/^ 

/i^r^ + Ajets+ ^, (13) 



is previously used in Ref. |TT[ in order to probe the 23-mixing of the left-handed sleptons 
and turned to be efficient. In this mode each charged sleptons (sneutrinos) decays into X2 
(xf ) with a charged lepton, and each X2 (xf ) decays into 2 jets associated with x^, which 
we observe as missing energy. Main advantage of this signal is that it is almost free from SM 



BG's, since the final state contains 4 jets and two charged leptons of different flavors WL 



Another advantage is that in this mode sneutrino pair production cross section contributes 
to the signal cross section, in addition to those from charged slepton. 

We show contours of constant cross sections of e^e~ vv'^ XvXa e^e~ — >■ 

/^/^ 6^X2X2 Figure [| (a) and (b), respectively, as functions of the mixing angle 

Bo and the mass difference Ami, between non-muon sneutrinos. In the flgures we flx the 
electron sneutrino mass as ISOGeV, the lighter chargino mass m^± lOOGeV, and tan 3 = 3, 
and we determined other supersymmetric parameters by solving the RGB's of the MSSM, 
as described in the previous section. Values of these parameters are summarized in Table I. 
For these sample parameter the cross section a of the process (|T2p is approximately 

a(e+e" ^ e+r^ + Ajets+ ^) ~ 4xi> sin^ 2^^(1 - Xu sin^ 26^) x 30 fb (14) 

with Xu deflned by eq. (H). (Here we have used decay branching ratios of SUSY particles 
calculated in Ref. |Tl| . This is reasonable since we had chosen our sample parameters almost 
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the same as theirs.) We can have cross section of order of lOfb since in probing 13-mixing 
with e^e~ colhder we have an advantage that t-channel is also available, in addition to 
s-channel, in order to produce left-handed selectrons. This is the point of this article. In 
Ref. [|l^ since in their case only s-channel is available for e^e~ collider to produce the left- 
handed sleptons that are involved in generation mixing (namely, left-handed sleptons in the 
second and third generation in their case), the cross section of ([13D is of order of Ifb. 

From the equation (0) we can understand the behavior of the contours as follows. The 
cross section is related to the mixing angle Of;, and the mass difference Amy approximately 
as 

a oc sin^ 20p . \ ! 9^o > (15) 

where Am? = m?^ — m?^ and m = (m^^ + mj>^)/2. Therefore, for constant Am^ the cross 
section behaves as a oc sin^ 26 u- On the other hand, for a fixed value of 6'i>, a is proportional 
to (Am?)^ in the region of <^ F, while a is almost independent of (Am?)^ in the region 
that ^ F. Hence we obtain characteristic curves for the contours of constant cross 

m 

section. 

Figures ^ (a) and (b) are contours of constant cross sections of e^e' —>■ vv^ —>■ T^e^XiXi 
and e~^e~ Ij^l]^ t^^'xH^ ^^^^ of tan/5 = 10, respectively. In these figures we 

also fix the electron sneutrino mass as ISOGeV, m-± = 100 GeV, tan/3 = 10, and other 
super symmetric parameters are determined by solving the RGE's of the MSSM, similarly to 
the previous tan /5 = 3 case. 

In the Figure (b) we can see nontrivial dependence of the cross section on Amp. This 
is an effect of the left-right mixing elements of the third generation in the charged slepton 
mass-squared matrix, first pointed out in Ref. |T^. Namely, in the charged slepton mass 
matrix among e^, tl, and tr, 

( m\^^ m2^3 

2 ^2 ^2 



V "^i_R33 "^/?33 

(Here we have ignored m|^^3.) the diagonalization of the lower-right 2x2 submatrix gives 

ml^^cosOf ml I (17) 



"^ii?33 , (16) 



Tl 



with 



,2 1 / 2 , 2 



(mi33 - m^33)2 + 4(mi^33)2^ , 



tan2g,= ^^"^'^33^ . (18) 



2 2 
"^L33 ~ "^_R33 



In the limit of miRss — ^ the difference between m^^^^ and m,|33 is simply (Amp)^. With 
presence of finite m|^33, however, the stau masses are given by 
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and T2 becomes more degenerate in the mass with cl and as a consequence the mixing 
between and f2 is enhanced. This enhancement is maximized when m\i^ — m\^.^ ~ 
\i ^'^^^'2 — is satisfied and this corresponds to Am^^ ~ 0.4GeV for our sample parameter set 
of tan/? = 10. 

In the Figures |l| and |^ we can see that the cross sections of e+e^ vv'^ — > T'^e'xtXi ^-i'^ 
several times as large as those of e^e~ —>■ Ij^l^ —>■ T~^e~X2X2- This comes from the fact that 
in our sample parameter destructive interference between s- and t-channel occurs in charged 
slepton pair production, while in sneutrino pair production they constructively contribute 
to the cross section |Tl| . 

In the following subsections we will discuss the BG's for this process, and determine the 
reach of LC's. 



B. Backgrounds 



Now let us discuss the BG's for the signal ([T2|). Our situation here is almost parallel to 



that in Ref. [|T^], where the signal to be discovered is In their work BG's and suitable 
cuts for reducing them are discussed in detail and the results are almost straightforwardly 
applicable to our case. Here we follow an outline of their discussion and apply their results 
to our case. 

The main SM BG of the process (|T2D is from ZW^W~ production, and the total cross 
section of e"'"e~ ZW^W~ is about 39fb at a/s = SOOGeV. This reduces to about 15fb ||21| 
if we require central production of gauge bosons |cos6'v| < 0.8 {V = W^,Z). Then the 
cross section is 

cr(e+e- Z{-^ tt Te)W+W~) = 0.17fb, (20) 

and this is negligible compared to that of SUSY origin, as discussed below. 

Main SUSY BG is from tau lepton pair production that results from slepton decay, and 
successive decay of one of the two tau leptons to an electron, 

e+e" f^f^ or z>^z>^ 

^ r^(^ e^)r^ + Ajets+ p. (21) 

The tau pair production cross section cr(e+e^ — * f^fi^ipi z^t^'t) t+t^ + 4:jets+ ^E) is 
2.5 fb for our sample parameter set of tan/5 = 3, and this BG can be reduced by applying 
suitable cuts on the impact parameter ajp and the electron energy Eg. 

The cut on impact parameter (IP) will be effective in this case, since in ( pi]) the tau 
lepton decays after running some finite length which is determined from the life time Tr 
of tau lepton, which is typically of order of CTr — QO/xm. Hence the more precisely we 
distinguish the distance between the track of the electron and the interaction point, the 
more effectively we can tell the BG (^Tj) from signal candidates. The distribution of IP 



from tau decay in flight is studied in Appendix E of Ref. [|TT| in case of r ^ Ur^fi 



decay, and their result is of course directly applicable to our r ^ e z/^z/g case. Recent 
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detector designs of the JLC [0 and the NLC show that the estimated values of the 
impact parameter resolution 5a are given by 5a^ = 11.4^ + (28.8/p/3)^/ sin^^(/im^) and 
6a^ = 2.6^ + {13.7 /pPY/ sin^ O^fim^), respectively, and an IP cut a^p of order of 10 /im may 
be realistic. 

The cut on the electron energy Eg works as follows. The energy distribution of electrons 
which are produced by the tau lepton decay (namely, the energy distribution of BG electron 
in our case) is different from that of electrons which directly result from slepton decay (that 
is, the energy distribution of signal electron). Since the latter is two body decay, u —>■ e~xt 
and 9'^ — ^ ^^Xi ^ the energy distribution of electron is flat between kinematically determined 
energies E^^'^ and i^™**^. Explicitly, i^™3,x ^^^^ ^mm ^^^^ given by 

^max(min) ^ ^C.M. ^ ^ ^ ) (22) 

with 

f3l = l- 4ml/ s (23) 
7^ = 1/(1-/5.') (24) 

and 

2 2 

j^c.M. ^ _^ (25) 



2m 



V 



For our sample parameter set of tan/3 = 3, ii^™" = 26.5GeV and E^^^ = 146GeV. On the 
other hand, the energy of electron produced by the tau lepton decay is typically softer than 
that of signal electron in this case. (The energy distribution of muon in tau decay in flight 
is studied in Appendix E of Ref. |ll|], and their results are directly applicable to our case 
with replacement of the muon with an electron.) Therefore if we discard event candidates 
in which electron energy is smaller than certain energy we can reduce the BG and enhance 
the S/N ratio. 



In Ref. [TT|], with the IP cut af^ of lO/xm and the muon energy cut E > i?™™ they 
obtain the muon misidentification rate = 0.02 and the tau identification rate Pr = 
0.88, respectively. We apply their result of fir case to our er case, and take the electron 
misidentification rate pe = 0.02 and the tau identification rate Pr = 0.88, respectively. These 
are reasonable choices since we have chosen our sample parameters almost the same as theirs. 

In addition to these cuts we will have to apply isolation cuts for the leptons and other 
cuts to select signal events. We take into account them as an overall factor A common to 



TT and er events. We assume A = 0.3 as done in Ref. ||Tl| in order to estimate the collider 
reach. 

The signal and the BG cross sections after applying these cuts are 

(^sig = Ap^{a{e^e- r+e"4jets fi) + a(e+e" r-e^Ajets fi)) (26) 

and 

abg = 2ApePr(j{e^e' T^r'Ajets ^) (27) 

respectively. 
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C. Collider Reach 

Now we discuss possible reach of mass difference Arriy and mixing angle 9y at LC's. 

In Figure ^ we show contours of So" reach of future LC's for integrated luminosity C = 
50fb~^ (the dashed-dot contour) and C = 500fb^^ (the solid contour). In the figure, we 
take our sample parameter set of tan (3 = 3, tabulated in Table I. We have used the values 
of decay branching ratios of SUSY particles (sleptons, the lighter chargino, and the second 
lightest neutralino) calculated in Ref. [^. (They are listed in Table II and III.) 

From the figure we can see that for our sample parameters with integrated luminosity 
C = 50fb^^(500fb^^) it is possible to reach mixing angle sin26'!> ^ 0.06(0.04) and mass 
difference Amj> ^ 0.07(0.04) GeV for sneutrinos in the first and third generations at the 
statistical significance of 5a. 

Contours for constant branching ratios of r — 67 are also plotted in the figure. We can 
see that at least for our sample parameter set there are some parameter region in which 
future LC's can probe the slepton flavor mixing between the first and third generations 
beyond the reach of r — > 67 by several orders of magnitude in sensitivity. 

For our sample parameter set of tan /5 = 10 we can expect almost the same reach as that 
for our tan/3 = 3 parameter set. This is because left-handed slepton (especially sneutrino) 
pair production cross sections and decay branching ratio of Xi '^j^t^Xi ^-^^ almost the 
same for both two cases, as we can see from Figures 1, 2, and Table II. 



IV. APPLICATION TO i)e-i>^, MIXING 

So far in this article we have assumed that the flavor mixing between the first and third 
generations is the only LFV mixing in the left-handed slepton mass matrix. If there is 
left-handed slepton flavor mixing between the first and second generations it contributes to 
the /i — > 67 decay rate, which is severely constrained by experiments and further sensitive 
experiment is being prepared |T^. In the following we estimate the reach of LC's in probing 
the left-handed slepton flavor mixing between the first and second generations. 

Here we adopt 

e~^e~ l~L^L or vi)'^ 

e^/i^ + Aiets+ (28) 

as LFV signal. For our sample parameter set of tan /3 = 3 the cross section of this signal is 
as large as 

cT(e+e" ^ e+/i" + 4jets+ ^) ~ Axv^^ sin^ 2^^,2(1 - Xvi2 sin^ '^0^^^) x 30 fb, (29) 

since also in this case t-channel pair 
generation is available. Here Xvi-j ihj 

Xi>ij = 

with 



production of the left-handed sleptons of the first 
= 1, 3) are 



[X. 



2(1 + (x^r) 



(30) 
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and 

[mT]ij = (rrii^Tp^ + (32) 

(z>i, z>2, and i>3 stand for z>e, z>^, and Ur, respectively, rric^ {i = 1, ...,3) is the mass of z>j and 
Fp- the decay width.) And Oj:,-. {i ^ j) are defined by 

2m?-- 

tan26'£;-^ = — 2 ~^'^r~ ' ('^^ ^ ^^"^ ^) (^^) 

where m?jj- is the element of the mass-squared matrix of sneutrinos. 

The main SM BG for the signal (|28|) is from e~^e~ — > Z{-^ tt — > fie)W~^W~ , similarly 
to 13- mixing case eq. (PDj), and with the requirement of central production of gauge bosons 
I cos^yl < 0.8 {V = W^, Z) the cross section is as small as 

a{e+e- tt ^ie)W^W-) = 0.031fb (34) 



because of the suppressions by Br(r e VeT-'r) = 0.18 p2| and Br(r fi u^v^ 



0.17 |2^. On the other hand, there are two types of SUSY BG. One is slepton-mixing 



parameter independent and the other dependent. The former is 



e e Tr Tr or v^-vl 



L 'L 

^ r±(^ e^)r^(^ jji^) + 4jets+ ^ (35) 

and the cross section is cr(e"'"e~ t^{-^ e^)r^(— fi^)4:jets fi) = 0.15fb. This can be 
further reduced by applying IP cuts and energy cuts on electron and muon, as done in 
13-case in this article. The latter BG processes are induced by slepton oscillations due to 
23-mixing and 13-mixing, namely, 

e~^e~ — > l^lj^ or i/z/^ 

^ fi^T^i^ e^) + 4:jets+ ^ (36) 



and 



e e Ij^lj^ or vi)'^ 



e^r^(-> li^) + Ajets+ ^, (37) 
respectively, and their cross sections are 

a(e+e" ^Ji'^T^{^ e^) + 4jets+ ^) ~ 2xu^^{'i - ^Xu2z) sin^ '^du2z x 0-43 fb (38) 

and 

(T(e+e- ^ e^r^(^ /i^) + 4jets+ ^) ~ 4x^i3 sin^ 2^£>i3(l - x/>i3 sin^ 29^^^) x 10.4 fb (39) 
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for our sample parameter set of tan/3 = 3. Therefore the processes (|36D and (pTl) can be 
dominant BG, depending on the parameters. However, hereafter we neglect the BG's ( p6[) 
and p7| ) and assume (|35| ) to be the dominant BG, in order to estimate the collider reach. 

Applying the same energy cuts and the same IP cuts on electron and muon as done in 
the previous 13-mixing case, the signal and BG cross sections are 

asig = A{a{e^e' fi^e'Ajets fi) + (T(e+e~ ii'e^Ajets ^)) (40) 

and 



abg = 2ApePf,a{e+e r+r-Ajets fi), (41) 

where A is the overall factor that parameterize the effect of other cuts to isolate leptons and 
Pe{Pfi) is misidentification rate of electron (muon), and we assume A = 0.3 andpe = Pfi = 0.02 
in order to estimate collider reach, as done in the 13-mixing case. 

5(7 reach in 12-mixing is shown in Figure ^. In the figure we have taken the parameter 
set of tan (3 = 3 shown in Table I. From the figure we can see that with e'^e~ collider with 
C = 50fb"^(500fb"^) it may be possible to reach mixing angle sin 26'j>^2 ^ 0.03(0.02) and mass 
difference Amt>^2 ~ 0.03(0.02) GeV for sneutrinos in the first and second generations at the 
statistical significance of 5cr. Contours of constant values of Br(/i 67) are also plotted in 
the figure. The reaches of LC's correspond to Br(/i 67) ~ 10~^^. Since planned /i — >■ 67 
search fl^ will probe Br(yU 67) down to the sensitivity of 10"^"^, left-handed slepton 



oscillation search is not so powerful as /i — 67 search at least for our sample parameter set. 



V. APPLICATION TO RADIATIVELY INDUCED SNEUTRINO MIXINGS VIA 
RIGHT-HANDED NEUTRINO YUKAWA COUPLINGS 

In the above analysis we have not specified any origin of the LFV off-diagonal elements 
of the slepton mass matrix. In this section we extend our analysis and discuss possible reach 
of LC's in probing 13-mixing in the case where sizable 23-mixing and non-vanishing 12- and 
13-mixings in the left-handed slepton mass matrix are radiatively induced via right-handed 
neutrino Yukawa couplings. 

Introduction of the right-handed neutrino is one of the most attractive extensions of the 
MSSM, since it naturally explains the tiny neutrino masses via the seesaw mechanism [Q. 
Here let us consider the case in which there exist three generations of the right-handed 
neutrino superfields A^. In this case, the superpotential W of the Higgs sector and the 
lepton sector is given as 

W = U^H.N.L^ + fe,^H{E,Lj + ^M.^.^.iViiV, + ^JiH^H2. (42) 

Here Hi and H2 are chiral superfields of the Higgs doublets in the MSSM. Li and Ei are 
chiral superfields of the lepton doublets and the right-handed charged leptons, respectively. 
i and j are generation indices and run from 1 through 3. After suitable redefinition of the 
fields, the Yukawa coupling constants and the Majorana masses can be taken as 
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M, 



fuiVoij, 
fei ^ij } 



(43) 



where Vd and U are unitary matrices. By integrating out the right-handed neutrinos which 
are supposed superheavy, we obtain the mass matrix (m^) of the left-handed neutrinos 



(44) 



where the matrix rriy is 



= V, 



M 



m,. 



m,. 



V 



1 



U 



M- 



(45) 



Here, my^ri = f^iV sin P/\/2 and Vm is a unitary matrix.^ We can see that the mixings 
among left-handed neutrinos are determined from Vd and U. Let us assume hereafter that 
t/ is a unit matrix for simplicity. Then the mixing matrix among left-handed neutrinos 
is Vo itself. Under the assumption that U = 1, if the atmospheric neutrino oscillation is 
between z/^ and u^-, we can expect that Vd32 is of order of 1. If we further assume hierarchy 
among neutrino masses, rriiy^ -C rriiy^ <^ my^, the heaviest neutrino mass rrii,^ is related with 
the third generation right-handed Majorana mass M^,_^ and the third generation neutrino 
Yukawa coupling constant f^^ as 



m,. 



M, 



(46) 



1^3 



In the following discussion we use eq. (^) in estimating rates of LFV processes. 

Now let us discuss the LFV off-diagonal elements of the left-handed slepton mass matrix 
which are radiatively induced by LFV Yukawa coupling constant matrix in eqs. (^31) . In the 



equations we saw that we cannot diagonalize the Yukawa coupling constant matrices f^^. 
and /e-^. simultaneously. In the minimal SUGRA scenario 0, these non-diagonal elements 
of the Yukawa coupling constant matrix generate the off-diagonal elements of the slepton 
mass matrix via radiative corrections In this scenario we assume the slepton soft mass 
matrices to be generation- diagonal at the gravitational scale Mg^av as 



[m 



™2 



[m 



m 



hi 
fe 



™2 



m 



h2 



m. 



0; 
fu 



(47) 



,ao. 



{hi) = (t;cos/?/^/2,0)^ and (/i2) = (0, w sin/?/V2)"r with v ~ 246GeV. 
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Here and {jnDij are the element of the soft SUSY breaking mass-squared ma- 

trices of the left-handed and the right-handed sleptons, respectively, m^i and m/12 are the 
soft masses for the Higgs bosons, A^.-. is the soft trilinear scalar coupling constant among 
the Higgs boson, the z-th generation right-handed charged slepton and the j-th generation 
left-handed slepton and A^^-^ that among the Higgs boson, the i-th generation right-handed 
sneutrino and the j-th generation left-handed slepton. Under the assumptions of eqs. (^Tf ) 
there is no LFV at the tree level at Mgrav However, these relations are subject to radiative 
corrections, and at the weak scale they are approximately given as 

{ml)., ^ -^(3mg + al)V^,ynk,fl log (48) 



,2 



eM - 0, (49) 



^ -^^^^ofeynnVDk.fl, log -f^ (50) 



for i 7^ j. These parameters induce rare LFV processes such as — >■ 67, r — >■ 67, and so 
on. Especially from large Vd32 we can expect sizable (m|)32 and therefore sizable t fi'j 
rate. Comparison between possible reach of the future lepton colliders in (m|)32 and that 



of r — yU7 search is discussed in Ref. [0]. Here we extend the analysis to the case in which 
Vd3i is also non-vanishing. 

In the case where Vd32 is of order of 1 and Vd3i is not zero, all the off-diagonal elements 
in (m|) are radiatively induced. They are approximately given by 

{3ml + al)V^,,Vonf^log^, (51) 

c2 - 



ml 


)21 ^ 


1 

87r2 


ml] 




1 


31 ^ 


87r2 


mi, 




1 


32 ^ 


87r2 



(3m^ + a^)\/^3^D3i/4 log (52) 

(3m^ + a^)^^3^D32/.Vog%^- (53) 

Here we have neglected fy^ and fy^. From these off-diagonal elements, non-trivial /i — »• 67 
rate is predicted via diagrams shown in Figure ^, in addition to sizable r — *• /X7 and non- 
vanishing r — >■ 67 rates. The left-handed slepton mixing parameters can be most severely 
constrained from the experimental bound of /i — > 67 rate. Then with sizable (wi|)32 the 
slepton oscillation as a probe of (m|)3i is not only a competition with r — 67 but also that 
with ^ 67. 

As for the 13-mixing search at LC's we can apply the discussion on signals and BG's 
in section ^ also to this situation, since all the off-diagonal elements of the left-handed 
slepton mass matrix are much smaller than the diagonal ones. In Figure ^ we show contours 
of 5o" reach of Vd3i and M^g at future LC's for integrated luminosity C = 50fb~^ (dashed-dot 
contour) and C = 500fb~^ (solid contour) in the case all the off-diagonal elements in (m|) 
are radiatively induced as in eqs. (0), (^2]), and (|53|). In the figure we take the sample 
parameter set of Table I with tan/5 = 3 and = 0, and a neutrino mixing parameter set, 
= 0.07eV and Vd32 = —0.71, which is consistent with the atmospheric neutrino result. 
Here we have neglected and , assuming the hierarchy niy^ <^ <^ iriy^ . We have 
used the same decay mode as that used in section |IT| as signals. 



15 



From the figure we can see that for C = 50fb-^(500fb-^) it may be possible to reach 
the third generation right-handed Majorana mass Mj^g ^ lO^^GeV (5 x lO^^GeV) and the 
mixing matrix element Vd3i ^ 0.05(0.03) at the statistical significance of 5a. Contours of 
constant Br(r — >■ 67), Br(r fi'j), and Br(/i 67) are also shown. We can see that for 
our sample parameter set the branching ratio of /i — 67 exceeds the current experimental 
bound, Br(yU —>■ 67) < 1.2 x 10^^^ in large parameter region of 5a reach of LC's. At 
least for our sample parameter set and our signal mode choice near future LC's may not 
be so useful as /i — > 67 in probing 13-mixing of the left-handed sleptons if there is sizable 
23-mixing in the left-handed slepton mass matrix. 

Some comments are in order here. 

The constraint from fi —>■ e'j becomes more stringent for moderately larger tan/?. This is 
because Br(yU — > 67) is proportional to tan^ /3 for tan /3 ^ 1 0, while our signal cross section 
does not change very much between the tan j3 = 3 and tan (3 = 10 cases as can be inferred 
from Figures |] and |[ In this case the near future LC's might less useful than the /i ^ 67 
search, at least for our sample parameter set. 

Another source that can make the constraint from /i — 67 stronger is 12-mixing in f,^. In 
the above analysis we neglected f^^-^ , which radiatively induces 12-mixing in the left-handed 
slepton mass-squared matrix. If f^^ and Voai are large enough, sizable — 67 ratio can 



result |23|. Also in this case the reach of the near future LC's would be less powerful than 



the /X — 67 search. 



VI. CONCLUSIONS 

In summary, we have calculated reach of future e~^e~ colliders (LC's) in probing the 
fiavor mixing of the left-handed slepton between the first and third generations by using the 
slepton oscillation phenomena. e~^e~ colliders are suitable for this purpose, since they can 
produce, if kinematically allowed, sleptons of the first generation via t-channel in addition 
to s-channel. 5a reach of LC's are estimated and we find it possible to reach mixing angle 
sin26'j> ^ 0.06(0.04) and mass difference Am^; ^ 0.07(0.04) GeV for sneutrinos in the first 
and third generations for our sample parameter set. At least for our sample parameter the 
slepton oscillation search is so sensitive that we may probe the flavor mixing between the 
first and third generations several orders beyond the reach of r — > 67 search in near future. 

We also estimated possible reach of LC's in probing the left-handed slepton flavor mixing 
between the flrst and second generations which is severely constrained by yU — > ej. The 
reaches of LC's correspond to Br(/i —>■ ej) ~ 10~^^ for our sample parameters, and since 
planned fi ^ e'j search will probe Br(/i —>■ 67) down to the sensitivity of 10~^^, left- 



handed slepton oscillation search is not so powerful as — 67 search at least for our sample 
parameter set. 

In the case where all the off-diagonal elements coexist in the left-handed slepton mass 
matrix, especially in the case with radiatively induced sizable 23-mixing which is expected 
from the atmospheric neutrino result in the minimal SUGRA scenario and flnite 12- and 
13-mixing, the reach of LC's in probing 13-mixing of the left-handed sleptons can be a 
competition to that of /x — 67. In this case, at least for our sample parameter set and our 
signal mode choice near future LC's may not be so useful as — 67 in probing 13-mixing of 
the left-handed sleptons if there is sizable 23-mixing in the left-handed slepton mass matrix. 
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FIGURES 
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FIG. 1. Contours of constant cross sections (in unit of fb) of (a) e^e" — T'^e~XiXi ^.nd (b) 
e'^e~ —>■ T'^e~X2X2 ^ functions of the mixing angle 9^ and the mass difference Amo between the 
first and third generations at the center-of-mass energy 500GeV. We take tan /3 = 3 in the figures 
and other SUSY parameters are shown in TABLE I. 
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FIG. 2. Contours of constant cross sections (in unit of fb) of (a) e+e" — »• T'^e~XiXi ^.nd (b) 
e~^e~ —>■ T~^e~X2X2 functions of the mixing angle and the mass difference Amp between the 
first and third generations at the center-of-mass energy 500GeV. We take tan /3 = 10 in the figures 
and other SUSY parameters are shown in TABLE I. 
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v^- Vg mixing 
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FIG. 3. Contours of 5cr discovery reaches by LC's with integrated luminosities L = 50fb~ 
(dashed-dot contour) and C = 500fb~^ (sohd contour) as functions of the mixing angle Of^ and the 
mass difference Ami) between the first and third generations. Contours for constant branching 
ratios of r ^ 67 are also shown, and each dashed line means the contour on which the branching 
ratio of r ^ 67 is 10~^, 10"^'^, 10~^^, and 10~^^, respectively. We take tan/3 = 3 in the figure and 
other SUSY parameters are shown in TABLE I. 
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v^- Vg mixing 




FIG. 4. Contours of 5a discovery reaches by LC's with integrated luminosities C = 50fb~ 
(dashed-dot contour) and C = 500fb~^ (sohd contour) as functions of the mixing angle Oo^^ and the 
mass difference Am£;^2 between the first and second generations. Contours for constant branching 
ratios of /i ^ 67 are also shown, and each dashed line means the contour on which the branching 
ratio of ^ 67 is 10"^'^, 10~^^, 10~^^, and 10~^^, respectively. We take tan/3 = 3 in the figure and 
other SUSY parameters are shown in TABLE I. 
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FIG. 5. Dominant Feynman diagrams in /x ^ 67 decay when tan/3^ 1 and off-diagonal ele- 
ments of the right-handed slepton soft mass matrix are negligibly small. In the diagrams, (m|)ij 
denotes the element of the left-handed slepton soft mass matrix, tl, fii and are the 

left-handed stau, smuon, and selectron, respectively, and D-r, t'^ and Ue the tau sneutrino, the mu 
sneutrino and the electron sneutrino, respectively. Hi and H2 are Higgsino, and W W-ino. The 
symbol fi is the Higgsino mass. The arrows represent the chirality. 
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radiatively induced mixings 




FIG. 6. Contours of 5a discovery reaches in probing radiatively induced 13-mixing among 
left-handed sleptons by LC's with integrated luminosities £ = 50fb~^ (thick dashed-dot contour) 
and C = 500fb~^ (thick solid contour) as functions of the third generation right-handed Majorana 
mass M^.^ and the neutrino Dirac mass term mixing matrix element Vd31- Here we have assumed 
that all the off-diagonal elements in the left-handed slepton mass matrix are radiatively induced 
via neutrino Yukawa couplings. In the figure we have taken m,^^ = 0.07eV and Vd32 = —0.71 
which are suggested by the atmospheric neutrino result, m^,^ and rrii,^ are neglected. Contours for 
constant branching ratios of jU — > 67 (thin solid lines) , r — >■ 67 (thin dotted lines) , and t ^ /ij (thin 
dashed-dot lines) are also shown. Each thin solid line means the contour on which the branching 
ratio of ^ 67 is 10~^^ and 1.2 x 10~^^, respectively. The thin dotted lines mean the contours on 
which the branching ratio of r — 67 are 10~^ and 10~^°, respectively. The thin dashed-dot lines 
are the contours of the constant branching ratio of t ^ fij, 10~^ and 10~^, respectively. We take 
tan/3 = 3 in the figure and other SUSY parameters are shown in TABLE I. 
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TABLES 



TABLE I. The sample SUSY parameters which we used in our numerical calculation. Masses 
are given in unit of GeV. We fix the lighter chargino mass (m--) 100 GeV, the electron sneutrino 
mass (rrio^) 180 GeV. Other parameters are determined by solving renormalization equations of 



the MSSM numerically, under an assumption of minimal SUGRA, such 
the gravitational scale and the GUT relation on gaugino masses. 


as universal scalar mass at 


tan (3 = 3 


tan P = 10 


m^o 56 
m^o 105 

A2 

m~- 100 
mo, 180 
rrie^ 194 
rrie^ 165 

244 


58 

103 

100 

180 

197 

170 

200 


TABLE II. Branching ratios of three body decay of the lighter chargino and the second-lightest 
neutralino in sample parameter sets in TABLE I. (These values are taken from the work of Hisano 
et al. [11].) 


tan/3 = 3 


tan P = W 


Br(xr ^ 2jetsx?) 0.63 
Br(xr ^ l-i^lX°i) 0.12 x 3 


0.65 
0.12 X 3 


Br(x^ ^ 2jetsx'i) 0.23 
Br(x^ ^ l+l-xl) 0.14 X 3 
Br(x^ ^ i.iP;X$) 0.12 X 3 


0.49 
0.09 X 3 
0.08 X 3 
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TABLE III. Decay branching ratios of the left-handed sleptons. We take the mass difference 
Amj> = IGcV and the mixing angle = between the sncutrinos of the first and the third 
generations. Other parameters are the same as in TABLE L (These values are taken from the 
work of Hisano et al. [11].) 





tan /3 = 3 


tan /3 = 10 


Bv{jlL{eL) ^ /x(e)x?) 


0.05 


0.08 


BiiflLieL) ^ /i(e)x^) 


0.39 


0.41 


Br(/2L(gL) J^^(i^e)xr) 


0.56 


0.51 


^'■K' L ^ ' Xlj 


Ofi 


0.12 


Br(fi -> Tx^) 


0.38 


0.38 




0.5G 


0.50 


Br(P^(z>e) J^^(j^e)Xl) 


0.30 


0.26 


Br(P^(Pe) v^{ve)xl) 


0.14 


0.15 


Br(P^(z>e) M(e)xr) 


0.56 


0.59 


Br(i:;T- ^ VrXi) 


0.30 


0.26 


Br(i>T- ^ I/T-X2) 


0.14 


0.15 


Br(£;T- rxD 


0.56 


0.59 
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